INTRODUCTION 44
Biosurfactants are biologically-produced amphiphilic compounds that display surface activity by 45 lowering the tension at interfaces such as that between oil and water. A number of bacterial 46 surfactants have been extensively investigated, but many more biosurfactants probably remain to 47 be discovered. Even the true physiological functions of the best characterized biosurfactants 48 have only recently been uncovered. Originally, biosurfactants were thought to be produced for 49 the purpose of oil emulsification and degradation (34), most likely because this was a trait used 50 to detect their production and also one of the earliest proposals for their utility. However, an 51 increasingly sophisticated understanding of the complexities of bacterial behavior has led to 52 additional hypothesized roles of biosurfactant production including biofilm structure 53 maintenance, pathogenicity, antagonistic activity against other bacteria and/or fungi, and 54 bacterial motility (38, 40) . 55
56
The biosurfactants produced by Pseudomonas aeruginosa serve as an excellent example of the 57 complexity in determining their roles in bacterial behaviors. This bacterium produces 58 rhamnolipids, a mixture of di-rhamnolipids, mono-rhamnolipids, and 3-(3-hydroxyalkanoyloxy) 59 alkanoic acid (HAA) which is the rhamnose-free lipid precursor (13). A wide range of functions 60 have been proposed for rhamnolipids including bacterial access to hydrophobic carbon sources, 61 biofilm structure, biofilm departure, as well as swarming motility (4, 11, 54). Curiously, 62 although each of these three surfactants facilitate motility on a low-agar plate, more detailed 63 analysis of swarming behavior revealed that HAAs actually have a repellant role while di-64 rhamnolipids are attractants, suggesting a more complex process by which surfactants modulate8 fragment. The resulting fragment was cloned into the suicide vector pTOK2T (7) and transferred 159 into P. syringae by triparental mating (6). Initial transformants were isolated on KB plates 160 containing rifampin, kanamycin and tetracycline. Double crossover mutants that were 161 kanamycin resistant but tetracycline sensitive were selected. The kan cassette was excised by 162 introduction of plasmid pFLP2 (21) in which the omega fragment conferring spectinomycin 163 resistance had been added (R. Scott, unpublished), followed by replica plating to cure the ΔrhlA 164 strain of pFLP2-omega. Final markerless deletions were confirmed by PCR. In order to 165 generate a ΔsyfA/ΔrhlA double deletion mutant, unmarked ΔrhlA was first generated before 166 deleting the syfA gene in order to avoid redundant kanamycin resistance genes. pLVC/D by clonase LR reactions. Plasmids were isolated and electroporated into E. coli S17-1 174 for conjugal transfer. P. syringae transconjugants were isolated on KB plates containing 175 rifampin and tetracycline. Knockouts were confirmed by PCR amplification. 176 9 fragment was digested with NcoI and XhoI and cloned into pMF54-omega. The expression 182 plasmid pRHLA2 was electroporated into wild-type and mutant strains of P. syringae B728a 183 with selection for spectinomycin resistance. 184 185 Construction of transcriptional fusion reporters. GFP-based reporter plasmids to assess 186 transcription of rhlA, fliC, fliE, and flgB were constructed similar to described in Burch (2010) . 187
The upstream promoter region of the P. syringae B728a rhlA gene was amplified by PCR from 188 genomic DNA with primers rhlA-pro-F and rhlA-pro-R to generate a 495-bp promoter region. B728a ΔsyfA (pRHLA2) were grown for 48 hours. Cells were harvested by washing of four 214 plates in 90 ml H 2 O and cells were removed by centrifugation (5,000 x g, 10 min). The 215 supernatant was filter-sterilized (opaque even after filtration) was brought to pH 2 with 216 concentrated HCl, mixed with 150 ml chloroform:methanol (2:1), and separated overnight. The 217 lower organic fraction was later dried to completion. Additionally, a white precipitate that 218 collected between the aqueous and organic layers was saved and tested for surfactant activity, 219 along with the dried organic fraction. The chloroform:methanol-soluble fraction of the 220 precipitate contained large quantities of HAA, as did the original dried organic fraction to a 221 lesser extent. 222
223

Mass spectrometry. 224
Extracted mixtures were analyzed with a Q-TOF mass spectrometer (Applied Biosystems/MDS 225 Sciex Qstar/Elite) via nanospray (49) ionization in the negative mode using uncoated capillaries 226 having a 1 μm orifice (New Objective, Woburn, MA) at an approximate flow of 40 nl/sec. 227 on July 8, 2017 by guest http://jb.asm.org/
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Samples were dissolved in water: acetonitrile (3:7). Fragmentation was attained using collision 228 energy (CAD=5, CE = -25). Fragmentation energies were maintained at a level that maintained 229 a large percentage of the parent ion peak in order to minimize the generation of secondary 230 fragments. Tandem mass spectra were collected isolating the 1 -charge state, as these were the 231 most prevalent ions. 232
233
RESULTS
234
P. syringae B728a produces two motility-enabling surfactants. 235
To discount the possibility that the small amount of surfactant observed in syfA and syfB 236 insertional mutants was due to residual syringafactin production, we constructed a deletion 237 mutant of syfA, the first of two genes in the syringafactin biosynthetic cluster. As observed in 238 syfA and syfB insertional mutants (4), ΔsyfA retained the ability to produce a small amount of 239 surfactant detectable with the atomized oil assay (Fig. 1B) and was still capable of limited 240 swarming (Fig. 1F) . Thus, although syringafactin is the main motility-enabling surfactant 241 produced by P. syringae B728a on plates, a second unidentified surfactant is also produced 242 which contributes to motility. 243
244
In order to determine the identity of this surfactant, the atomized oil assay was used to screen a 245 library of Tn5-mutants created in a ΔsyfA background. Over 4,500 random mutants were 246 screened for those with significantly more or less surfactant production as evidenced by larger or 247 smaller halos on agar plates when assayed with this high-throughput method. After excluding 248 mutants having obvious growth defects, 4 strains were identified that exhibited a complete loss 249 of surfactant production. Additionally, 25 other strains were found to consistently produce 250 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from significantly (P<0.01) more or less surfactant than the ΔsyfA parental strain (Table 1) . The genes 251 disrupted by transposon insertion were identified, revealing that 4 genes were required for 252 surfactant production, while disruption of 9 different genes conferred less surfactant production 253 and disruption of 6 genes up-regulated production. Interestingly, a number of genes were 254 identified by multiple independent insertion events (from separate matings and with insertions 255 into different loci) ( Table 1 ). This finding confirmed the significance of these genes for 256 surfactant production, as well as suggested that the insertion events were not entirely random. 257
258 When these mutants were tested for swarming motility, similar to what we have observed 259 previously (4), there was a strong positive correlation between the surfactant halo radius for a 260
given mutant strain and its swarming diameter (R 2 = 0.78, P < 0.001). None of the mutants that 261 were deficient in surfactant halos were observed to swarm (swarm diameters were equivalent to 262 the initial inoculum spread of 9-10 mm), while many mutants with significantly larger surfactant 263 halos (more than 25 mm) were observed to be hyper-swarmers. The main outliers to this trend 264 had insertions into flagellar components; because swarming is typically dependent on both 265 flagella and surfactant production (24), it is of little surprise that these mutants failed to swarm 266 despite exhibiting surfactant production. On the other hand, swimming motility, which is a form 267 of individual motility that does not require surfactant production, was poorly correlated with the 268 observed surfactant halos (R 2 = 0.33, P = 0.16). Thus, in addition to the previously-identified 269 surfactant syringafactin, this second unidentified surfactant produced by P. syringae B728a 270 contributes to the surface motility of this organism. 271
Of the four mutants identified as being completely blocked in biosurfactant production three of 274 the insertions were in the global regulatory genes gacS, ompR, and fleQ. GacS is a global 275 regulator of secondary metabolites and extracellular enzymes (19), while an OmpR homolog has 276 recently been hypothesized to be a membrane stress sensor in P. aeruginosa (26), and FleQ is the 277 initial regulatory element of flagellar biosynthesis (9). The remaining gene, Psyr_3129, a 278 predicted acyltransferase having 48.5% sequence identity to rhlA and 49% identity to phaG in P. 279 aeruginosa PAO1, seemed likely to be involved directly in surfactant biosynthesis. RhlA is 280 responsible for production of 3-(3-hydroxyalkanoyloxy)alkanoic acids (HAAs), the precursor to 281 rhamnolipids in P. aeruginosa, and this compound is independently recognized as a biosurfactant 282 that promotes swarming motility (13). PhaG is involved in synthesis of polyhydroxyalkanoic 283 acid (PHA), a carbon and energy storage molecule (39). Both enzymes divert hydroxydecanoic 284 acids from fatty acid de novo synthesis, and exhibit similar and sometimes overlapping 285 polymerization functions (43). 286
287
Because the transposon insertion was in the promoter region immediately upstream of 288 Psyr_3129, we confirmed that a knockout of this gene also blocked surfactant production by 289 constructing a chromosomal deletion of Psyr_3129 in the ΔsyfA background of P. syringae (Fig.  290   1C ). This double mutant was also incapable of swarming ability (Fig. 1G) . To ensure that 291 disruption of Psyr_3129 and not genomic changes elsewhere was responsible for abrogating 292 biosurfactant production, we complemented this gene in trans. Psyr_3129 was inserted into 293 pMF54 (17) to form plasmid pRHLA2 where it was driven by an IPTG-inducible trc promoter. 294
When this plasmid was introduced into a ΔsyfA/Psyr_3129 double mutant, abundant 295 biosurfactant was produced (Fig. 1D ) and swarming was restored (Fig. 1H ) even without IPTG 296 addition, suggesting that even low levels of expression of Psyr_3129 are sufficient for 297 biosurfactant production. In fact, increased expression of Psyr_3129 upon addition of IPTG did 298 not result in more surfactant production beyond that observed in uninduced cells. Thus, either 299 the Psyr_3129 gene product synthesizes the surfactant or is essential for its expression. 300
Significantly, rhlA from P. aeruginosa has been shown to be sufficient for HAA production in E. 301 coli (13, 51), and a rhlA homolog in Serratia sp. ATCC 39006 was also linked to production of 302 an unidentified biosurfactant (48). We thus tested if our potential rhlA homolog was sufficient to 303 confer biosurfactant production in E. coli. E. coli DH5α harboring plasmid pRHLA2 produced a 304 large amount of surfactant when examined by the atomized oil assay (data not shown). We thus 305 tentatively considered Psyr_3129 to be a rhlA homolog. 306
307
Although production of this surfactant in a ΔsyfA strain of P. syringae is readily detected with 308 the atomized oil assay, it was not detectable with other assays such as the drop collapse assay or 309 by direct chemical detection. This suggested that either the molecule had properties such as low 310 water solubility that prevented its detection with the water drop collapse assay, or that it was 311 made in relatively low amounts that are not easily detected by such assays having low sensitivity 312 (5). Indeed, a ΔsyfA strain harboring pRHLA2 in which RhlA was constitutively expressed 313 caused a drop collapse (data not shown), thus we presume that low rates of production in native 314 strains explain its lack of detection in a ΔsyfA strain in a drop collapse assay. Using a modified 315 protocol for HAA extraction (13) completed, an anti-sigma factor FlgM is exported through it which frees its cognate sigma factor 370
FliA to activate the Class IV genes including flagellin (FliC) and chemotaxis genes (9). When 371 the different flagellar mutants from our screen were ordered by their flagellar assembly classes, a 372 consistent pattern emerged: The lower the class of the flagellar gene that was disrupted, the 373 smaller was the observed surfactant halo (Table 2 ). An insertion into the master regulator fleQ 374 resulted in a total loss of surfactant production, disruption of the Class III flagellar assembly 375 gene flgC resulted in a large (3-fold) reduction in the surfactant halo, while an insertion in fliC 376 resulted in significantly larger surfactant halos. Furthermore, insertions in fgt1 and fgt2, two 377 genes involved in flagellar glycosylation that have been shown in P. syringae pv. tabaci 6605 to 378 be important for flagellar function and stability (45), both also resulted in enlarged surfactant 379 halos. These results led us to hypothesize that assembly of the flagellar basal body is an 380 important trigger for the production of HAA, and that once the flagellar basal body is assembled 381 and flagellin synthesis is initiated, mutations which hinder flagellar assembly or functionality 382 serve to up-regulate the production of HAA. 383
384
To further support our hypothesis that expression of HAA is dependent on flagellar assembly 385 itself and not the expression of a few specific flagellar genes, we constructed targeted knockouts 386 in additional flagellar genes involved at different stages of flagellar assembly (Table 2) and ΔsyfA/flgC-mutant strains compared to a ΔsyfA strain (Fig. 3A) . This difference was most 415 notable in cells grown to high cell densities, whereas all strains at lower cell densities and earlier 416 growth stages shared similarly low rhlA transcription levels. Unexpectedly, rhlA expression in a 417
ΔsyfA/fliC-mutant was indistinguishable from a ΔsyfA strain at all growth stages. This lack of 418 transcriptional difference was also true of the glycosylation mutants (data not shown). 
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We also constructed reporter plasmid pPfliC-gfp in which a gfp reporter gene was fused to the 434 promoter-containing region of fliC to provide estimates of the expression of the gene encoding 435 flagellin in the mutants in which we had determined rhlA expression (Fig. 3B) . Similar to the 436 expression of rhlA, the expression of fliC was significantly reduced in both a ΔsyfA/fleQ-and 437
ΔsyfA/flgC-background. Contrary to rhlA expression levels, but similar to observed HAA 438 production, fliC was over-expressed relative to that in a ΔsyfA background in a ΔsyfA/fliC-439 mutant. Furthermore, fliC expression levels were significantly higher in both glycosylation 440 mutants compared to a ΔsyfA parent strain, although the levels were about half that observed in a 441
ΔsyfA/fliC mutant (data not shown). Thus the transcription of fliC closely mirrors the observed 442 production levels of HAA in P. syringae, although evidence from rhlA transcription levels 443 suggests that this is not coordinated strictly at the transcriptional level. Many mutations could potentially disrupt flagellar assembly, and any mutation disrupting 463 flagellar assembly will likely also have an effect of HAA production. Therefore we postulated 464 that some of the mutants recovered in our screen might indirectly influence production of our 465 surfactant through modulation of flagella functioning. Motility assays were therefore analyzed 466 to determine if any mutants displayed potentially altered flagellar function (Table 1) . Mutants in 467 which Psyr_0936 (wbpY), Psyr_0219 (algC) and Psyr_0918 (wzt) were disrupted exhibited 468 nearly abolished swimming and swarming motility. Interestingly, these three mutations are also 469 all expected to change the surface morphology of P. syringae, as their gene homologs are all 470 involved in LPS synthesis or export. These mutants were examined for their ability to express 471 flagellin biosynthesis genes; any mutants that affect rhlA expression via altered flagella function 472 should exhibit low levels of fliC expression. However, only a mutant of Psyr_0936 (wbpY), 473 encoding a glycosyl transferase, exhibited lower fliC expression than the WT strain (Table 3) . 474
Thus we conclude that Psyr_0936 (wbpY), but not Psyr_0219 (algC) or Psyr_0918 (wzt), is 475 affecting rhlA expression indirectly via an inhibitory effect on flagella. The levels of rhlA transcription in mutants with reduced surfactant production but having 489 functional flagella were assessed to determine if regulation of surfactant production was 490 mediated at the transcriptional or post-transcriptional level (Table 3) . Of all such mutants 491 examined only the mutant in the OmpR homolog had a pronounced effect on rhlA transcription. 492
The levels of rhlA expression in a GacS mutant, although lower than a WT strain, could not 493 account for the absence of any production of HAA. Thus, in agreement with the role of GacS as 494 a post-transcriptional regulator, it appears that it is mainly affecting HAA production post-495 transcriptionally. OsmE and AlgC mutants also did not reduce the transcription of rhlA, and thus 496 might act post-transcriptionally to reduce surfactant synthesis and/or export of HAA. The 497 remaining mutants all had moderately lower levels of expression of rhlA that could have 498 accounted for their reduced surfactant production, but the manner in which they are linked to 499 HAA production remains unclear. 500
Although HAA clearly has a role in P. syringae swarming motility over a planar agar surface, it 503 is unclear how relevant its swarming motility is in vivo. Bacterial movement over more 504 "natural" surfaces has recently been explored, such as in a porous-surface model, where an 505 uneven ceramic surface harbors a heterogeneous range of water film thicknesses, only some of 506 which are thick enough to enable bacteria to swim (11). Our approach to a natural surface was to 507 place a porous filter paper on an agar plate, which the bacteria rapidly colonize (Supp. Movie 1). 508
This movement occurs regardless of whether or not nutrients are present in the agar plate (data 509 not shown). Filter paper allows rapid swimming motility through the hydrated regions of the 510 cellulose surface, perhaps enabling even more rapid swimming than in a purely aqueous 511 environment by the formation of narrow swimming channels (3). While comparing different 512 methods of culturing bacteria on agar plates, it was observed that production of HAA increased 513 dramatically when the strain was grown on the porous surface of hydrated filter paper discs, with 514 a doubling in the HAA radius (Fig. 4) . Similarly large surfactant halos were observed when cells 515
were grown on discs of other wettable filters and materials such as cotton and polyester fabrics, 516 demonstrating that this is not a cellulose-specific phenomenon (data not shown). The porous 517 material-induction of surfactant production led us to the hypothesis that the unidentified 518 surfactant might contribute to the colonization of natural surfaces. 519 520 To address the process by which the hydrated porous surfaces up-regulate production of HAA 521
we measured the expression of rhlA under various growth conditions. The GFP fluorescence of 522 a WT strain harboring pPrhlA-gfp was compared in cells grown on filter paper discs placed on 523 agar plates with that of cells grown directly on the agar plates. While GFP fluorescence 524 exhibited by P. syringae harboring plasmid p519n-gfp conferring constitutive GFP expressionon July 8, 2017 by guest http://jb.asm.org/ Downloaded from was similar in these two growth conditions, much higher GFP fluorescence of the strain carrying 526 pPrhlA-gfp was observed after growth on the porous paper (Fig. 5) . This was true for cells at 527 both 4 and 20 hours after inoculation, although cells inoculated at high densities (10 7 cells on a 528 single filter disc) no longer exhibited this up-regulation by 20 hours of growth (data not shown). 529
Such apparent paper surface-induced up-regulation of rhlA was observed in both the WT strain 530 as well as a ΔsyfA strain (data not shown). No such induction of syfA was observed when strains 531 harboring pPsyfA-gfp were grown on paper discs (data not shown), indicating that syringafactin 532
is not similarly regulated. 533
534
Because we observed both enhanced production of HAA and elevated expression of rhlA in cells 535 grown on hydrated paper discs, as well as a dependence of HAA production on flagella 536 assembly, we hypothesized that genes for flagella motility would also be up-regulated on the 537 paper discs. To test this, we compared the GFP fluorescence of cells harboring the fliC reporter 538 plasmid pPfliC-gfp when grown on agar plates and paper discs. As hypothesized, the genes 539 encoding flagellin were up-regulated in cells exploring the porous paper surface (Fig. 5) . Similar 540 to rhlA, this was not true for cells inoculated at high densities after 20 hours (data not shown). 541
This implies that flagellar motility is important for colonization of this porous surface. In order 542 to examine the necessity of flagella for movement through hydrated paper, we compared the 543 spread of our mutant strains on paper discs. While flagellated strains quickly spread throughout 544 the paper discs, the non-flagellated strains remained at the site of inoculation and formed 545 colonies only on top of the paper (Supp Fig. 2 ). This observation was true both for the 546 ΔsyfA/fleQ-mutant which does not produce HAA as well as for the ΔsyfA/fliC-mutant that 547 produces higher levels of HAA. This requirement of motility for colonization of paper discs 548 appears very similar to that observed for exploration of a porous ceramic surface (11). 549 550 Contribution of HAA to P. syringae B728a motility. 551
To better determine the relative rate of movement of different strains through paper, we 552 increased the distance over which the bacteria were allowed to move. After inoculating the 553 strains by toothpick onto large filter paper strips on an agar plate, we could observe the distance 554 the bacteria were able to travel by removing the paper at chosen times and allowing the 555 subsequent growth of cells that had penetrated through the paper. While WT strain moved 556 rapidly (0.29 cm/hr), a ΔsyfA mutant strain moved at a rate of only 0.18 cm/hr while a fleQ-557 mutant and a ΔsyfA/ΔrhlA double mutant moved at rates of only 0.06 cm/hr and 0.14 cm/hr, 558 respectively. Since all of the surfactant mutants moved much slower than the WT strain, both 559 syringafactin and HAA apparently contribute to the form of motility that enables movement 560 through porous materials. Although the surfactants are not necessary for motility through porous 561 paper, they strongly facilitate the process. 562 563 While HAA apparently aids motility both on low-agar swarming plates and on hydrated porous 564 papers these behaviors were always observed in a ΔsyfA mutant incapable of producing 565 syringafactin. We therefore constructed a ΔrhlA mutant in a WT background that produces 566 syringafactin. This strain exhibited equivalent syringafactin production compared to a WT 567 strain, as evidenced both by an equivalent-sized halo with the atomized oil assay, as well as by 568 equivalent expression of the syringafactin promoter in reporter assays (data not shown). We 569 compared the movement of this ΔrhlA mutant with that of the WT strain to determine the relative 570 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from contribution of HAA and syringafactin to cellular locomotion. The ΔrhlA strain did not differ 571 from the WT strain in its speed of movement through porous paper (data not shown); however, it 572 did differ from the WT strain in the manner in which it moved on swarming plates. The ΔrhlA 573 mutant produced tendrils of cells that moved away from the point of inoculation that were much 574 broader than the WT strain (Fig. 6) . Such apparent movement was initially as fast as that of the 575 WT strain, but unlike the WT strain, this mutant failed to fully explore the swarming plate; even 576 after four days, a colony of the ΔrhlA mutant had not covered the agar surface, whereas the WT 577 had fully covered the swarming plate by day 2 (picture not shown). As a further test of the role 578 of HAA in movement of P. syringae, we over-expressed RhlA constitutively in the WT strain 579 capable of syringafactin production and observed its swarming motility. Contrary to the broad 580 but short tendrils of cells produced by the ΔrhlA mutant, over-expression of RhlA led to the 581 formation of very long and narrow tendrils which moved at the same speed as the WT strain and 582 eventually covered the plate (Fig.6) . This behavior is similar to that observed in P. aeruginosa, 583
where the branching and avoidance of other tendrils has been proposed to be due to the repellent 584 Given the co-regulation of HAA production with Class IV flagellar genes, it was initially 615 tempting to speculate that FliA, the sigma factor that activates transcription of Class IV genes, 616 might also be directly responsible for regulating rhlA expression. However, a disruption of fliA 617 did not abolish surfactant production, and rhlA transcription is not up-regulated in a ΔsyfA/fliC-618 mutant which should exhibit increased FliA activity. It is possible that rhlA is directly regulated 619 by FleQ, since disruptions in the flagellar biogenesis pathway downregulate fleQ transcription 620 and thus genes under FleQ control (9), although this remains to be proven. It also remains to be 621 determined exactly how mutations in late-stage flagellar genes affect surfactant production. Another important clue for the function of HAA in P. syringae was the finding that multiple 651 stress pathways apparently impact its production. The OmpR homolog in P. aeruginosa, termed 652 AmgR, has been described to function similar to CpxR in E. coli, which confers membrane stress 653 in response to stimuli such as surface adherence (26). A knockout of this potential stress 654 pathway in P. syringae abrogated surfactant production. In contrast, our mutant screen also 655 revealed the role of two members of the AlgT extracellular stress pathway, both of which when 656 knocked out resulted in an up-regulation of HAA production. MucP is a peptidase that degrades 657 the AlgT anti-sigma factor, while AlgB is a response regulator downstream of AlgT. It remains 658 unclear why these potentially overlapping stress responses have apparently opposite effects on 659 production of HAA. Further examination of their roles in surfactant production should help 660 elucidate the complex interaction between these two pathways. It might be the case that the 661 combination of these two pathways allows the cell to differentiate between subtly different 662 stressful situations, only some of which would benefit from surfactant production. 663
664
In order to elucidate the natural roles of biosurfactants, it is important to work with a system that 665 balances the complexity of a natural environment with the consistency and reproducibility of a 666 laboratory experiment. Although our use of hydrated porous paper is not a refined system, we 667 believe its resemblance to natural soil and/or moist surfaces make it a good starting point to 668 explore these environments. There have been some reports of less effective colonization of 669 natural surfaces by biosurfactant-deficient strains (20, 35), but the complexity of these systems 670 made it unclear exactly how the surfactant might be functioning in nature to improve motility. 671
Our finding that surfactant production is tied to flagellar assembly suggests that this could be an 672 active process, whereby the surfactants lubricate the flagellum and/or sticky surfaces, enabling 673 active motility. Alternatively, surfactant production was recently observed to reduce water 674 retention in soils via a reduction in the soil-water surface tension (15); such a reduction might 675 enable the passive wicking of surfactant producers through porous material. Further work with 676 systems such as ours or the porous-surface model (11) will hopefully enable a more detailed 677 dissection of the role of biosurfactant production in bacterial surface colonization. 678
679
In this study we have utilized an atomized oil assay to identify the biosynthetic and regulatory 680 pathways leading to production of a biosurfactant expressed in a strongly context-dependent way 681 
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